Objective-To investigate the relation between sympathetic efferent reinnervation and chronotropic competence during exercise testing after cardiac transplantation. Patients-Twenty five long-term cardiac transplant recipients and 11 normal controls. Setting-Regional cardiothoracic centre. Methods-Intracoronary tyramine was given to the transplant recipients and the per cent heart rate change measured. Exercise tests were performed in patients and controls according to the chronotropic assessment exercise protocol, and the per cent heart rate reserve measured at peak exercise and 6 min afterwards to estimate the recovery rate. Results-The mean (SD) percentage heart rate change after intracoronary tyramine was 15-7 (15-4). Heart rate reserve achieved at peak exercise was 68-3 (20-6)% compared with 102-7 (9.3)% in the controls (P < 0.001). Heart rate recovery at 6 min was 41-7 (20'1)% compared with 79-5 (9.0)% in the controls (P < 0.001). Total workload was 69*0 (33.0) METS.min compared with 117-2 (41.9) METS.min in the controls (P < 0.01).
68-3 (20-6)% compared with 102-7 (9.3)% in the controls (P < 0.001). Heart rate recovery at 6 min was 41-7 (20'1)% compared with 79-5 (9.0)% in the controls (P < 0.001). Total workload was 69*0 (33.0) METS.min compared with 117-2 (41.9) METS.min in the controls (P < 0.01).
There was a positive correlation between heart rate reserve achieved at peak exercise and response to tyramine (r = 0-66, P < 0.01), between heart rate recovery and response to tyramine (r = 0-69, P < 0.001), and between total workload and response to tyramine (r = 0-63, P = 0.04).
Conclusion-Functional sympathetic efferent reinnervation of the sinus node occurred in some patients after transplantation, and was associated with improved heart rate response during and recovery after exercise, as well as with increased total workload. (Heart 1996; 75:40-43) Keywords: sinus node reinnervation; exercise response; cardiac transplantation; tyramine A combination of abnormal haemodynamic responses results from cardiac transplantation.' Cardiac denervation occurs during surgery and thus reflexes dependent on nerves will be absent after transplantation. If reinnervation occurs, then any return to normality depends on its extent and pattern as well as its timescale. In addition, transplant recipients are recovering from moderate to severe cardiac failure, and some of the associated chronic cardiovascular abnormalities may recover independently of reinnervation. 2 Chronotropic response to exercise is abnormal after transplantation and may return towards normal with time.3 4 We and others have suggested recently that an improved chronotropic response may be related to sympathetic efferent reinnervation.5 6 Exercise capacity is an important component of quality of life, and may be related to sinus node reinnervation and improved cardiac sensory innervation in transplant recipients. This study investigated the correlation of heart rate increase during exercise with sinus node efferent reinnervation measured by heart rate response to intracoronary tyramine. Resting cycle length was averaged over the 10 beats before injection. Maximum and minimum cycle lengths were measured during the 2 min after injection and expressed as a percentage of resting cycle length. As the effect of tyramine may be observed for up to 7 min after initial injection,8 the initial decline in cycle length was modelled using a negative exponential function to predict minimum cycle length. These predictions did not differ significantly from observed minimum cycle length, and thus minimum cycle length was used in the subsequent analysis.
Patients and methods

PATIENTS
EXERCISE TESTING
Exercise tests were performed on a treadmill on a separate day according to the chronotropic assessment exercise protocol.9 Heart rate was derived from ECG traces recorded at 50 mm/s at the end of each stage of the protocol and for 10 min after peak exercise. Data were analysed using the concept of heart rate reserve,9 which takes into account resting heart rate as well as age predicted maximum heart rate.
Heart rate reserve (HRR) was calculated using the formula:
(Heart rate at peak exercise -resting heart rate) (Age predicted maximum heart rate -resting heart rate) Recovery after peak exercise was calculated using the formula:
(Heart rate at peak exercise -heart rate 6 min later) 6 min recovery =(Age predicted maximum heart rate -resting heart rate) where age predicted maximum heart rate is 220-recipient age in years.
STATISTICAL ANALYSIS
Mean chronotropic response to exercise workload, and response to tyramine were compared using Student t test. Relation between response to tyramine and exercise variables were quantified using linear regression analysis.
Results
No transplant recipient had significant angiographic coronary artery disease and none had impairment of left ventricular function.
SINUS NODE FUNCTION
Sinus node function was normal in the 16 transplant recipients in whom it was tested (corrected sinus node recovery time < 525 ms).
RESPONSE TO INTRACORONARY TYRAMINE
Heart rate increased after intracoronary injection of tyramine by 15-7% (range 1-55%). In all but one patient heart rate reached a maximum and decreased 2 min after injection. Heart rate increased by more than 25% in only eight patients.
RESPONSE TO EXERCISE TESTING
The table summarises the results of exercise testing. Four transplant recipients said that the main reason for stopping was leg pain, and they were excluded from the analyses because their limitation was not fatigue. All others were limited by fatigue or dyspnoea. None experienced chest pain. Exercise time and total workload were reduced in transplant recipients compared with that in the controls. Mean (range) peak HRR achieved was 68-3% (27-115%) in the transplant recipients and 102-7% (86-113%) in the controls. Heart rate recovery at 6 min was reduced in the transplant recipients (mean (SD) 41-7 (20 1)%) compared with that in the controls (mean (SD) 79 5 (9 0)%) (P < 0 001). There was no relation between time after transplantation and exercise workload, heart rate at peak exercise, or heart rate recovery. HRR achieved at peak exercise was above 70% in 10 transplant recipients and in all controls.
RELATION BETWEEN CHRONOTROPIC RESPONSE TO EXERCISE AND TO TYRAMINE
Heart rate change after tyramine was related to HRR achieved at peak exercise (r = 0-66, P < 0-01, fig 1) and HRR recovered at 6 min (r = 0-69, P < 0 001, fig 1) . It was also related to total workload (r = 0-63, Exercise variables of controls, all transplant recipients, and those with a heart rate (HR) increase of > 25% in response to intracoronary tyramine.
Recipient In recipients studied 6 weeks after trans-(% heart rate increase) plantation, peak heart rate is reduced and delayed until after peak exercise, and recovery is slower. This phenomenon has been ascribed Response to tyramine (% heart rate increase) P = 0 04, fig 2) . Peak heart rate a rate recovery at 6 min were sig greater in the eight patients in wh rate response to tyramine was more t but were still reduced compared wil controls.
to dependence on circulating catecholamines,'0 and so improvements in heart rate response to exercise and recovery after exercise can be seen as measurements of sinus node reinnervation. Several studies3 6 10 have demonstrated increased heart rate at maximum exercise in patients late after cardiac a transplantation compared with that in different groups studied during the first post-transplant year.
,O ,O Absolute heart rate rise during exercise 50 60 could be reduced in cardiac transplant recipients because of higher resting heart rate. HRR takes this difference into account, and therefore the reduction in HRR achieved in transplant recipients during exercise must have another cause. As circulating catecholamine ind heart concentrations increase normally or supranor-,nificantly mally during exercise in transplant recipients,'0 om heart and fi adrenergic receptor sensitivity is han 25%, increased,'2 the shortfall in HRR achieved may th that in be ascribed to efferent sympathetic denervation, and its subsequent improvement could therefore be due to reinnervation. Thus, if tyramine measures functional reinnervation then a correlation with peak heart rate and with rate of recovery after exercise would be expected. The fact that we have demonstrated a similar relation between total workload and response to tyramine suggests that intact sinus node innervation is important in determining exercise capacity by improved chronotropic competence.
CONCLUSIONS
This study has demonstrated that chronotropic competence and response to intracoronary tyramine vary widely among transplant recipients at more than 2 years after transplantation. While both techniques measure the changing physiological responses after transplantation, the fact that there is a significant correlation between them suggests that they are both related to sympathetic efferent sinus node reinnervation. Furthermore, in those patients in whom sinus node reinnervation was demonstrated using tyramine, exercise time and total workload were increased. This is the first demonstration that sympathetic reinnervation has clinical consequences.
